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Description
TECHNICAL FIELD

[0001] The presentinvention relates to a peak detec-
tion method for detecting a peak which appears on a
signal waveform, such as a chromatogram obtained by
a chromatographic analysis or a profile spectrum ob-
tained by a mass spectrometry.

BACKGROUND ART

[0002] On a chromatogram obtained by a chromato-
graphic analysis, such as a gas chromatography or liquid
chromatography, a peak corresponding to a component
contained in a sample appears. Normally, the position
(time) where the peak appears depends on the kind of
compound, while the size of the peak (i.e. its height or
area) depends on the amount or concentration of the
component corresponding to the peak. Therefore, in or-
der to identify a component in a sample by using a chro-
matogram, it is important to accurately determine the po-
sition of the peak. Similarly, in order to comprehend the
amount or concentration of a component in a sample, it
is important to accurately determine the height or area
of the peak. In any cases, to determine the position of a
peak on a chromatogram as well as the height or area
value of the peak, it is necessary to correctly detect a
significant peak originating from a component based on
the waveform of the chromatogram.

[0003] In many conventionally and commonly used
techniques for detecting a peak on a chromatogram, the
tangential inclination of the chromatogram waveform is
used as the reference, as in the case of the method de-
scribed in Non Patent Literature 1. However, such a
method has the problem that it is difficult to correctly de-
tect a peak if there is a change in the baseline (as shown
in Fig. 5A) or if a considerable amount of noise is super-
posed (as shown in Fig. 5B). Needless to say, the influ-
ence of the baseline change or that of the noise can to
some extent be removed by performing a pre-process
before the peak detection, such as the baseline correc-
tion or the smoothing process for noise removal. How-
ever, such a process does not always produce a satis-
factory effect.

[0004] The tangential inclination of the chromatogram
waveform for determining a true peak depends on the
width of the peak. Therefore, in order to correctly detect
a peak, it is necessary to set the peak detection param-
eters (e.g. the threshold of the inclination used as the
criterion for determination) for each sample. However, in
the case of a metabolic analysis, a biomarker search or
similar analysis in which a considerable number of sam-
ples needto be almost continuously analyzed, itis difficult
to set the peak detection parameters for each sample,
which means that it is difficult to equally improve the ac-
curacy of the peak detection for a variety of samples.
[0005] As a peak detection method which is entirely
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different from the conventional method and one which
can solve the aforementioned problems, a method which
uses aridge line in a wavelet coefficient space has been
proposed (see Non Patent Literature 2; this method is
hereinafter called the "wavelet ridge line detection meth-
od"). The wavelet ridge line detection method is herein-
after briefly described.

[0006] In the wavelet ridge line detection method, on
raw spectrum data (profile spectrum data) obtained by a
mass spectrometry, a continuous wavelet transform is
directly performed, i.e. without performing the preproc-
essing for the baseline correction or noise removal. The
wavelet coefficients are determined while a scale factor
is varied. The scale factor is one of the two parameters
used in transforming the mother wavelet into a wavelet
function. Itis a parameter for scaling the mother wavelet.
In general, the wavelet coefficient relatively shows the
extent to which the component of the wavelet function
given under specific parameters (e.g. the scale factor) is
contained in the original waveform of the signal. In the
wavelet ridge line detection method, for each mass-to-
charge ratio, the wavelet coefficient is calculated while
the scale factor is changed. The calculated result is vis-
ualized in a three-dimensional coefficient space with the
horizontal axis indicating the mass-to-charge ratio, the
vertical axis indicating the scale factor, and the third axis
orthogonal to both of the horizontal and vertical axes in-
dicating the strength of the wavelet coefficient. In the vis-
ualized image, a characteristic ridge line which shows a
local maximum is observed at the position corresponding
to a true peak formed on the waveform of the original
profile spectrum. This ridge line is utilized to detect the
peak on the waveform of the profile spectrum.

[0007] Thebaseline change ofthe waveform ofthe pro-
file spectrum over anarrow range of time can be regarded
as an odd function. Therefore, by using an even function
as the mother wavelet, the odd-function component due
to the baseline change can be cancelled out, making it
possible to correctly detect a peak without performing
the baseline correction beforehand. Another character-
istic of this method is that the peaks having various peak
widths can be correctly detected by performing a com-
parative evaluation of the strengths of the wavelet coef-
ficients obtained by using the wavelet functions having
various widths produced by changing the scale factor.
[0008] The previously described processing, such as
the calculation and three-dimensional visualization of the
wavelet coefficient by the continuous wavelet transform
as well as the display of the ridge line showing a plot of
the maximum value of the wavelet coefficient, can be
performed by using an existing software program, such
as the one described in Non Patent Literature 3.

CITATION LIST
NON PATENT LITERATURE

[0009]
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Non Patent Literature 1: "Piiku Hakei Shori Wo
Kakunin Shimashou (Check that the waveform
processing is OK)", Shimadzu Corporation, [ac-
cessed on June 7,2013], the Internet <URL: ht-
tp://lwww.an.shimadzu.co.jp/hplc/support/lib/lc-
talk/23/231ab.htm>

Non Patent Literature 2: Pan Du, and two other au-
thors, "Improved peak detection in mass spectrum
by incorporating continuous wavelet transform-
based pattern matching", Bioinformatics, 2006, Vol.
22, No. 17, pp. 2059-2065

Non Patent Literature 3: "Wavelet Toolbox Gaisetsu
Sho (Wavelet Toolbox Quick Guide)", The Math-
Works Inc., [accessed on June 18, 2013], the Inter-
net <URL: http://www.math-
works.com/tagteam/58032_TT031_Wavelet_Tlbx_
Manual.pdf>

SUMMARY OF INVENTION
TECHNICAL PROBLEM

[0010] However, according to a study by the present
inventors, the conventionally proposed wavelet ridge line
detection method has the following problems:

(1) In the conventional wavelet ridge line detection
method, it is assumed that a signal waveform on
which only a positive peak appears is to be proc-
essed. However, depending on the type of the de-
tector used in the chromatograph apparatus, it is of-
ten the case that a negative peak appears on the
chromatogram. A possible measure for dealing with
such a negative peak is to simply handle a negative
ridge line. However, negative ridge lines can also
occur near the base portion of a normal positive
peak. Such a "false" negative peak cannot be distin-
guished from the "true" negative peak by the simple
handling of the negative ridge line.

(2) If there are two peaks neighboring each other,
and particularly, if the base portion of one peak is
significantly overlapped with that of the other peak,
those neighboring peaks simultaneously affect the
wavelet coefficient, causing the ridge line corre-
sponding to one peak to be biased toward the ridge
line corresponding to the other peak which has a
larger breadth and higher signal intensity. Therefore,
the position of the peak top estimated from the ridge
line may possibly be displaced from the actual posi-
tion of the peak. Fig. 6 shows such an example. In
this case, the peak top position estimated from the
ridge line is located at time t2, whereas the actual
peak top position is located at time t1. With a glance
at the chromatogram, the analysis operator can un-
derstand that the peak top is incorrectly detected at
a position that is evidently displaced from the peak.
(3) To improve the peak detection performance, it is
necessary to separate peaks from noise. In the con-
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ventional wavelet ridge line method, the removal of
the noise by setting a threshold for judging the peak
width, and the removal of the noise using SN ratios
are proposed. However, in the case of a chromato-
graph apparatus, it is often the case that the detec-
tion signals outputted from the apparatus are already
finished with a low-pass filtering process. When the
aforementioned noise estimation techniques are ap-
plied to such a signal waveform, it is difficult to dis-
tinguish between the case where a peak is present
among the noise components as shown in Fig. 5B
and the case where a considerable number of true
peaks appear as shown in Fig. 5C.

[0011] The present invention has been developed to
solve such problems. Its objective is to provide a peak
detection method which eliminates the previously de-
scribed drawbacks of the conventional wavelet ridge line
detection method and thereby enables the correct detec-
tion of a peak on a given signal waveform.

SOLUTION TO PROBLEM

[0012] The first aspect of the present invention devel-
oped for solving the previously described problem is a
peak detection method for detecting a peak on a signal
waveform showing a change of a signal intensity along
a first dimension, the method including:

a) a peak candidate extraction step, in which a con-
tinuous wavelet transform is performed on the signal
waveform, a wavelet coefficient with a scale factor
changed within a predetermined range is determined
for each value of the first dimension, and the candi-
dates of the positive and negative peaks appearing
on the signal waveform are extracted based on a
ridge line which appears in a wavelet coefficient im-
age visualized within a three-dimensional space with
the strength of the wavelet coefficient as the third
dimension;

b) a false negative peak removal step, in which a
false negative peak is identified and removed from
the negative peak candidates extracted in the peak
candidate extraction step, based on at least either a
judgment on the degree of inclination of the negative
peak with reference to a baseline estimated from the
negative peak candidates, or a judgment on whether
or not positive peak candidates are present on both
sides of the negative peak concerned.

[0013] The second aspect of the present invention de-
veloped for solving the previously described problem is
a peak detection method for detecting a peak on a signal
waveform showing a change of a signal intensity along
a first dimension, the method including:

a) a peak candidate extraction step, in which a con-
tinuous wavelet transform is performed on the signal
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waveform, a wavelet coefficient with a scale factor
changed within a predetermined range is determined
for each value of the first dimension, and the candi-
dates of the positive and negative peaks appearing
on the signal waveform are extracted based on a
ridge line which appears in a wavelet coefficient im-
age visualized within a three-dimensional space with
the strength of the wavelet coefficient as the third
dimension;

b) a false peak removal step, in which, for a peak
candidate extracted in the peak candidate extraction
step, the coefficient of correlation between a wave-
form obtained by creating an even function simulat-
ing the signal waveform at the peak top of the peak
candidate and a previously defined model waveform
is calculated, a false peak is identified based on the
coefficient of correlation, and the false peak is re-
moved from the peak candidates.

[0014] In the peak detection method according to the
present invention, the signal waveform to be processed
is typically a chromatogram obtained by various kinds of
chromatograph apparatuses. In this case, the firstdimen-
sion is time (retention time). The signal waveform to be
processed may also be a profile spectrum obtained with
a mass spectrometer. In this case, the first dimension is
the mass-to-charge ratio. Furthermore, the signal wave-
form to be processed may also be an absorption spec-
trum or reflection spectrum obtained with a spectropho-
tometer or similar device. In this case, the first dimension
is the wavelength or wavenumber. Needless to say, sig-
nal waveforms other than these examples are also con-
ceivable.

[0015] In the peak candidate extraction step of the
peak detection method according to the present inven-
tion, peak candidates for a given signal waveform are
extracted by a technique which is basically the same as
described in Non Patent Literature 2, i.e. by the wavelet
ridge line detection method. However, as opposed to the
conventional wavelet ridge line detection method in
which only positive peaks are extracted, the peak detec-
tion method according to the present invention is config-
ured to additionally extract candidates of the negative
peaks by a similar technique to the one applied to the
positive peaks.

[0016] In the wavelet ridge line detection method de-
scribed in Non Patent Literature 2, the "Mexican Hat"
wavelet is selected as the mother wavelet used for the
continuous wavelet transform. However, in the peak de-
tection method according to the present invention, a nor-
malized single-peak convex function should preferably
be used as the mother wavelet. Specifically, a mother
wavelet having a wavelength whose base portion is less
precisely formed than the portion around the peak top,
such as awaveform having the shape of a Gauss function
whose breadth is curtailed to approximately two times
the standard deviation o. Such a mother wavelet has no
negative portion, and therefore, can advantageously pre-
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vent the occurrence of an artifact of the negative peak
associated with the continuous wavelet transform.
[0017] After both positive and negative peak candi-
dates have been extracted by the peak candidate extrac-
tion step, the false peaks due to the peak artifact should
be removed from the peak candidates. The technique
used for this process is different between the first and
second aspects: In the case of the first aspect, only the
negative peaks are examined in the false negative peak
removal step so as to identify a false negative peak by
making at least either a judgment on the degree of incli-
nation of the negative peak with reference to a baseline
estimated from the negative peak candidates, or a judg-
ment on whether or not positive peak candidates are
present on both sides of the negative peak concerned.
[0018] For example, if the degree of inclination of a
negative peak exceeds a specific threshold, the peak is
considered to be a false negative peak which occurs due
to a large inclination of the baseline at the base portion
of a positive peak. Besides, as already noted, for exam-
ple, inthe case of a chromatograph apparatus, anegative
peak may appear on the chromatogram depending on
the type of the detector. Actually, the occurrence frequen-
cy of the negative peaks is considerably lower than that
of the positive peaks. Therefore, for example, if there is
a negative peak with positive peak candidates closely
located on both sides, i.e. if a negative peak candidate
is sandwiched between two positive peak candidates,
the negative peak is considered to be a false negative
peak which is actually a pseudo negative peak formed
between the two positive peak candidates.

[0019] Inthe second aspect, one or both of the positive
and negative peaks are examined in the false peak re-
moval step, in which the coefficient of correlation be-
tween a waveform obtained by creating an even function
simulating the original signal waveform at the peak top
of the peak candidate and a previously defined model
waveform (this coefficient is hereinafter called the "even
function correlation coefficient") is calculated, and a false
peak is identified based on this even function correlation
coefficient. For example, an appropriate Gauss function
can be used as the model peak waveform. Consider the
case where a false peak candidate has occurred due to
an inclination of the baseline in the previously described
manner. If an even function which simulates a waveform
centered on the peak top of this peak candidate on the
signal waveform is created, its base portion will be ex-
treme heavy-tailed or noticeably undulated up and down.
Consequently, the even function correlation coefficient
will be low. Therefore, if the even function correlation
coefficient is equal to or lower than a predetermined
threshold, the peak can be considered as a false peak.
By contrast, in the case where a true peak is present on
an inclined baseline, the symmetrical components in the
peak are extracted as a result of the even-function cre-
ation process. Normally, the waveform after the extract-
ing process is close to a Gauss function and thereby has
a high level of correlation with a Gauss (or similar) func-



7 EP 3 029 459 A1 8

tion. In the present invention, the even function correla-
tion coefficient is used for the judgment on the artifact
which occurs due to the previously described problem,
and additionally, it is also used as a feature quantity rep-
resenting the likelihood of the peak.

[0020] As described thus far, in the peak detection
method according to the present invention, not only the
positive peaks but also the negative peaks are detected
on the basis of the ridge lines which appear on a three-
dimensional display of the wavelet coefficient, after which
the false candidates of the peaks are correctly removed.
Consequently, the positive and negative peaks appear-
ing on a chromatogram or similar signal waveform are
correctly detected.

[0021] The peak detection method according to the
present invention may preferably further include an SN-
ratio-based false peak removal step, in which the signal
waveform is divided into a plurality of sections based on
a predetermined feature quantity of the signal waveform,
and a false peak is identified and removed based on the
SN ratio of the signal calculated for each of the sections.
Alternatively, the peak detection method according to the
present invention may preferably further include a peak-
width-based false peak removal step, in which a peak-
width distribution of the peak candidates is determined,
and a peak having a peak width deviating from that dis-
tribution is identified as a false peak.

[0022] By these peak detection methods, for example,
even in the first aspect, not only the false negative peaks
but also the false positive peaks can be correctly re-
moved. Additionally, in both of the first and second as-
pects, the probability of completely removing a false peak
which has not been removed by the previously described
method is increased.

[0023] The peak detection method according to the
present invention may preferably further include a peak
position correction step, in which an estimated position
of the peak candidate determined in the peak candidate
extraction step is corrected based on the signal values
on both sides of the estimated position on the signal
waveform. Alternatively, the method may preferably fur-
ther include a peak position correction step, in which an
estimated position of the peak candidate determined in
the peak candidate extraction step is corrected based on
the second derivative values of the signal value on both
sides of the estimated position on the signal waveform.
In addition to the peak position, the peak width may also
be corrected; i.e. the method may preferably further in-
clude a peak width correction step, in which the peak
width is corrected based on the magnitude of the wavelet
coefficient at the position corrected in the peak position
correction step.

[0024] That is to say, for a given peak candidate, the
peak width and peak position are adjusted so as to max-
imize the degree of matching with the previously defined
model peak under the constraint that the adjusted width
and position should respectively be within the vicinity of
the window size (i.e. peak width) and peak position (e.g.
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time) based on the scale factor obtained from the ridge
line, or more specifically, under the constraint that the
peak candidate should be within a predetermined vicinity
of the initially estimated peak in terms of both the peak
width and peak position. For example, on the signal
waveform, if the signal intensity at a position on the right
or left side of the initially estimated peak position is higher
than the signal intensity at this peak position, the peak
position is shifted toward that side by a predetermined
amount, and the peak width is determined from the scale
factor giving the largest wavelet coefficient at that posi-
tion. When the strength of the wavelet coefficient has
converged on a considerably high value, the peak width
and peak position at that point in time can be adopted as
the peak width and peak position of the peak candidate.
[0025] Consequently, for example, even when there
are two mutually neighboring peaks whose base portions
overlap each other, the influence of the waveform of one
peak on the wavelet coefficient in the other peak is elim-
inated, so that the width and position of each peak can
be correctly determined.

[0026] In the peak detection method according to the
present invention, it is preferable that:

the method further includes a peak type determina-
tion step, in which, for one peak candidate of interest
among the peak candidates located in the peak can-
didate extraction step, whether the peak candidate
of interest is a peak in a noise waveform finished
with a low-pass filtering process or a peak in a peak-
cluster waveform including a plurality of true peaks
is determined based on a feature-quantity distribu-
tion of a plurality of peak candidates located within
a predetermined range centering on the peak can-
didate of interest; and

the threshold for identifying a false peak is changed
based on a determination result obtained in the peak
type determination step.

[0027] Alternatively, the peak type determination step
may be performed for each peak candidate in such a
manner that whether the peak candidate is a peak in a
noise waveform finished with a low-pass filtering process
or a peak in a peak-cluster waveform including a plurality
of true peaks is determined based on a feature-quantity
distribution of all the peak candidates located by the peak
candidate extraction step instead of the feature-quantity
distribution of a portion of the peak candidates.

[0028] As the "feature quantity” in the present context,
for example, the probability (extent) of the overlapping
of the base portion of one peak with that of another peak,
the density of the peaks, or a histogram of the even func-
tion correlation coefficient showing the degree of match-
ing between the peak and the model peak waveform can
be used. In the case where the SN-ratio-based false peak
removal step is provided, the proportion of the peaks
which have been removed based on the SN ratio in the
SN-ratio-based false peak removal step may be used as
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the "feature quantity".

[0029] As already noted, some types of chromato-
graph apparatuses are configured to output a signal
waveform (chromatogram) obtained by performing a low-
pass filtering process on the detection signal. In such a
low-pass filtered waveform, the feature quantity of the
noise peaks tends to fall within a predetermined range.
Therefore, whether a peak candidate is a peak in a noise
waveform finished with a low-pass filtering process or a
peak in a peak-cluster waveform including a plurality of
true peaks can be determined, with a considerable level
of correctness, based on the feature-quantity distribution
of all peak candidates or that of a plurality of peak can-
didates located within a predetermined range.

[0030] By this technique, for example, a peak-like
waveform which may result from a low-pass filtering proc-
ess performed on white noise can be distinguished from
true peaks. As a result, the peak detection accuracy im-
proves.

ADVANTAGEOUS EFFECTS OF THE INVENTION

[0031] By the peak detection method according to the
present invention, the negative peaks which cannot be
handled by the conventional wavelet ridge line detection
method can be correctly detected. The peaks can be ac-
curately detected evenwhen there are a plurality of peaks
located close to each other or when the signal waveform
has a seemingly peak-like portion which actually has re-
sulted from a low-pass filtering process performed on
white noise.

BRIEF DESCRIPTION OF DRAWINGS
[0032]

Fig. 1 is a block configuration diagram showing one
embodiment of the peak detection system which car-
ries out a peak detection method according to the
present invention.

Fig. 2 is a flowchart showing the process flow of the
peak detection method carried out by the peak de-
tection system of the present embodiment.

Fig. 3 is a flowchart showing the subroutine for the
correction of the peak position and peak width in Fig.
2.

Fig. 4 shows the frequency characteristics of the
mother wavelet used in the calculation of the wavelet
coefficient.

Figs. 5A-5C are examples of the chromatogram
showing various situations of the peak, where Fig.
5A shows an example with a peak present on a
changing baseline, Fig. 5B shows an example with
one peak present among noise components, and
Fig. 5C shows an example with peaks present in a
peak cluster.

Fig. 6 shows an example of the case where the po-
sition of the extreme point of the wavelet coefficient
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is displaced due to the influence of a neighboring
peak.

Fig. 7 shows a signal waveform obtained when a
low-pass filtering process is performed on white
noise.

Fig. 8 shows an example in which an artifact of a
negative peak occurs in a chromatogram.

Fig. 9 shows an example in which a negative peak
is significantly bulged toward the negative side rel-
ative to the baseline of the nearby peak in a chro-
matogram.

DESCRIPTION OF EMBODIMENTS

[0033] One example of the peak detection method ac-
cording to the present invention is hereinafter described
with reference to the attached drawings.

[0034] Fig. 1is a block configuration diagram showing
one embodiment of the peak detection system which car-
ries out a peak detection method according to the present
invention. Fig. 2 is a flowchart showing the process flow
of the peak detection method carried out by the same
system.

[0035] As shown in Fig. 1, the peak detection system
of the present embodiment includes a wavelet transform
processor 1 which receives a signal waveform to be proc-
essed, a peak candidate extractor 2, a peak position and
width corrector 3, a false negative peak remover 4, a
peak type determiner 5 and a false peak remover 6. By
this system, information on the peaks detected on the
signal waveform is outputted.

[0036] In the present example, the signal waveform to
be processed for the peak detection is a chromatogram
waveform obtained with a commonly used liquid chro-
matograph, gas chromatograph, liquid chromatograph
mass spectrometer, liquid chromatograph mass spec-
trometer or similar apparatus. However, the peak detec-
tion method according to the present invention is also
applicable to signal waveforms other than chromato-
grams. For example, the signal waveform may be a pro-
file spectrum obtained with a mass spectrometer as well
as an absorption spectrum or reflection spectrum ob-
tained with a spectrophotometer.

[0037] The peak detection system of the present em-
bodiment can generally be categorized as a data
processing system for performing the real-time or batch
processing of data collected with a chromatograph ap-
paratus. In most cases, it is realized by using a personal
computer as hardware resources and executing, on this
computer, a dedicated data processing software pro-
gram previously installed on the same computer.
[0038] According to the flowchart shown in Fig. 2, a
peak-detecting operation in the peak detection system
of the present embodiment is now described.

[0039] The peak detection system of the present em-
bodiment reads chromatogram data to be processed
from a (not shown) storage device (Step S1), performs
a continuous wavelet transform on the data, and calcu-
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lates the wavelet coefficient at each point in time while
changing the scale factor over a predetermined range as
well as in predetermined steps (Step S2).

[0040] With f(t) representing a chromatogram whose
signal intensity changes depending on time t, and w(t)
representing the mother wavelet for the continuous
wavelet transform, the continuous wavelet transform can
be defined by the following equation (1):

C(a, b)=Ift)w((t-byaydt ...(1)
where C is the wavelet coefficient, which is obtained in
the form of a function of scale factor a and shift coefficient
b. The symbol | means the integration over the entire
range of time to be processed, i.e. from the beginning to
the ending point of the chromatogram. It should be noted
that equation (1) is a generally known definition of the
continuous wavelet transform and not a specific matter
to the present invention.

[0041] In the method described in the aforementioned
Non Patent Literature 2, a function called the "Mexican
Hat" which has frequency characteristics as shown in
Fig. 4 is used as the mother wavelet y(t). By contrast, in
the peak detection method of the present embodiment,
a Gauss function as shown in Fig. 4 is used as the mother
wavelet y(t). It should be noted that the function used in
the present embodiment is not completely Gaussian but
has a waveform obtained by curtailing a Gauss function
to a range of 20, i.e. two times the standard deviation o.
A non-Gaussian function may also be used as long as it
is a single-peak convex function.

[0042] Ascanbeunderstood from Fig. 4, the frequency
characteristics of the Mexican Hat have "negative" por-
tion (labelled "A" in Fig. 4), i.e. the section in which the
intensity level is lower than the levels on both sides.
Therefore, in the case where the Mexican Hat is used as
the mother wavelet y(t), if an extremely high positive
peak is multiplied by this negative portion of the Mexican
Hat, an artifact which seems to be a negative peak ("neg-
ative peak artifact") occurs on the wavelet coefficient. In
the case of the conventional wavelet ridge line detection
method, in which negative peaks are not considered in
thefirst place, the occurrence ofthe negative peak artifact
poses no problem. By contrast, in the case of the peak
detection method of the present embodiment, in which
both positive and negative peaks are to be detected, a
serious problem occurs if false peaks due to the negative
peak artifact cannot be distinguished from true negative
peaks. To address this problem, in the peak detection
method of the present embodiment, a Gauss function
which has no negative portion is used as the mother
wavelet y(t), whereby the occurrence of the negative
peakartifact due to the wavelet transform can be avoided.
[0043] To perform the previously described wavelet
transform, for example, the "Wavelet tool box" described
in Non Patent Literature 3 can be used. In this case, for
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example, after the mother wavelet and the range of the
scale factor are specified, the continuous wavelet trans-
form on the target chromatogram data is executed,
whereby a three-dimensional image is obtained within a
coefficient space in which the strength of the wavelet
coefficient is represented by colored presentations on a
two-dimensional graph with the abscissa axis indicating
time (shift coefficient) and the coordinate axis indicating
the scale factor.

[0044] Next, the peak candidate extractor 2 extracts
candidates of the positive and negative peaks by detect-
ing ridge lines on the three-dimensional display of the
wavelet coefficient, as well as determines the initial val-
ues of the position (time) and peak width of each peak
candidate (Steps S3 and S4). As the method for detecting
the ridge lines in the three-dimensional display of the
wavelet coefficient, the method described in Non Patent
Literature 2 is simply expanded toward both positive and
negative sides. That is to say, a positive peak candidate
is located based on a ridge line which sequentially traces
the maximum values starting from the wavelet coefficient
corresponding to a large scale factor (i.e. low frequency).
Similarly, a negative peak candidate is extracted based
on a ridge line which sequentially traces the minimum
values. Usually, anumber of peak candidates are thereby
extracted.

[0045] In ideal situations, the ridge line based on the
wavelet coefficients should indicate the position (in the
present case, the point in time) of the peak center (peak
top). However, when a plurality of peaks are located close
to each other, the wavelet coefficient components due
to the closely located peaks are added, with the result
that the position of the extreme point of the wavelet co-
efficient is displaced from the actual position of the peak
center, causing a displacement of the peak position as
showninFig. 6. Inthe waveletridge line detection method
described in Non Patent Literature 2, the biasing effect
ofthe neighboring peak on the extreme pointis minimized
by defining, as the peak center, the position at which the
extreme point with the smallest scale factor (i.e. the small-
est peak width) is located among the plurality of peak
positions detected as the ridge lines. However, by such
a method, the peak position cannot be correctly estimat-
ed if high-frequency noise is superimposed.

[0046] Accordingly, in the peak detection method of
the present embodiment, the scale factor which gives the
largest wavelet coefficient on the ridge line is adopted in
order to determine the peak position in a more stable
manner even when high-frequency noise is present. In
other words, a scale factor which gives a wavelet function
having the same width as the peak in ideal situations is
adopted. By this method, if the peak is a single peak, the
peak position can be determined with a higher level of
accuracy and stability than in the case of using a wavelet
function with a higher frequency. However, as noted ear-
lier, the ridge line may be subject to the biasing effect
due to the neighboring peak. Therefore, after the peak
candidates are located as well as the initial values of the
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peak position and peak width of each peak candidate are
determined, the peak position and width corrector 3 cor-
rects the peak position and peak width of each peak can-
didate by the following procedure (Step S5).

[0047] Fig. 3 is a flowchart showing the subroutine for
the process of Step S5 in Fig. 2.

[0048] Forone peak candidate, after the initial position
is given, the peak position is corrected with reference to
the signal intensities on both sides of the initial position
on the chromatogram waveform (Step S51); i.e. if the
peak is positive, the peak position is shifted by a prede-
termined distance in the direction in which the signal in-
tensity increases (or if the peak is negative, the shift is
made in the opposite direction in which the signal inten-
sity decreases). For example, in the case of Fig. 6, if t2
is the initial position, the signal intensity on the earlier
side from the initial position is higher than on the later
side. Accordingly, the peak position is corrected so as to
shift it toward the earlier side.

[0049] If the baseline is extremely inclined, the signal
intensity at one end of the peak may possibly be the high-
est (i.e. higher than the signal intensity at the peak top).
In such a case, the previously described method which
depends on the signal intensities cannot be used. To
address this problem, it is preferable to impose the re-
striction that the peak-position correction should not be
performed if the position after the peak-position correc-
tion is considered to be abnormally distant on the basis
of the initially estimated position and the peak width, or
specifically, for example, if the position after the peak-
position correction is farther than the predetermined po-
sition calculated from the initially estimated position and
the peak width. In this case, it is preferable to additionally
impose the restriction that a correction which causes the
peak position to reach beyond an inflection point of the
signal waveform located by using the second derivative
of this waveform should not be performed.

[0050] Next, at the peak position after the correction,
the peak width is corrected so that the peak width be-
comes equal to the scale factor which gives the largest
wavelet coefficient (Step S52). However, in practice, a
pump noise due to the pulsation of the liquid-sending
pump in the liquid chromatograph may be superimposed
on the peak, or the peak may be superposed on a sig-
nificantly changing baseline. Therefore, instead of simply
comparing the wavelet coefficients given by the respec-
tive scale factors, the wavelet coefficients may be indi-
vidually and appropriately weighted before being com-
pared to locate the largest scale factor. After the peak
position and peak width are corrected, whether or not the
peak position and peak width have been sufficiently cor-
rected to a certain extent is determined by examining,
for example, whether or not the rate of change in the
signal intensity has converged to a certain range or
whether or not the rate of change in the peak width has
been equal to or lower than a certain threshold (Step
S53). Ifthe correction is insufficient, the operation returns
to Step S51 to repeat the processes of Steps S51 and
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S52. If it is concluded that the peak position and peak
width have been sufficiently corrected to a certain extent,
the correction is discontinued.

[0051] Usually, the peak candidates extracted in Step
S include a considerable number of false peaks which
are not actual peaks. Accordingly, the false negative
peak remover 4 initially removes false negative peaks
due to the negative peak artifact (Step S6).

[0052] In normal situations, the negative peak artifact
occurs in the base portion of a positive peak or in the
trough between one positive peak and another, as shown
in Fig. 8. The example in the left area of Fig. 8 is the case
where the presence of a steeply inclined baseline has
been falsely recognized due to the presence of a positive
peak, with the result that the base portion of this positive
peak has been recognized as a negative peak bulging
downward from the baseline. The example in the right
area of Fig. 8 is the case where the presence of two
closely located positive peaks with almost equal signal
intensities has caused the false recognition of a substan-
tially horizontal baseline located at the peak-top level,
with the result that the trough section between the posi-
tive peaks has been recognized as a negative peak bulg-
ing downward from the baseline.

[0053] The false peak due to the negative peak artifact
in the left area of Fig. 8 is detected as a peak having a
considerably sloped shape relative to the true baseline.
Accordingly, the false negative peak remover 4 detects
this type of false negative peak by recognizing that the
peak is noticeably sloped, or by creating an even function
which simulates the peak within a peak-top section on
the signal waveform, calculating the coefficient of corre-
lation between the even function and a prepared model
peak, and examining the coefficient value. It should be
noted that such an examination is also available for de-
tecting false positive peaks as well as false negative
peaks. Therefore, the system may be configured to re-
move false peaks regardless of positive or negative
peaks.

[0054] On the other hand, when there are two closely
located positive peaks as shown in the right area of Fig
8, in principle, the peak may possibly be a true negative
peak. However, it is common knowledge that a chroma-
togram is much more likely to have positive peaks occur-
ring on it than negative peaks. Therefore, it is reasonable
to directly conclude that the peak is a negative peak ar-
tifact. Alternatively, as shown in Fig. 9, the false negative
peak remover 4 may detect, as a negative peak, only
such a negative peak candidate that protrudes downward
with an intensity equal to or greater than a certain amount
as compared to the baseline and peak heights of the
neighboring peaks, while regarding any negative peak
candidate which does not satisfy this condition as a false
peak and removing it.

[0055] In the wavelet ridge line detection method de-
scribed in Non Patent Literature 2, after the ridge line of
the wavelet coefficients is detected, its SN ratio is calcu-
lated with reference to the signal energy of its high-fre-
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quency components to determine whether the peak rep-
resented by the ridge line is a true peak or a false peak
due to noise. However, some type of chromatograph ap-
paratus used for obtaining data outputs a signal which
has already been finished with a low-pass filtering proc-
ess and therefore contains a reduced amount of high-
frequency components. In such a case, a waveform
which actually is a high-frequency white noise super-
posed on a signal waveform appears to be a cluster of a
considerable number of peak waveforms, as shown in
Fig. 7. Additionally, a signal waveform produced by a
chromatograph apparatus may contain other forms of
noise superposed on it, such as a pump noise which is
difficult to distinguish from peaks or a noise which origi-
nates from the fluctuation of a light source in a detector
which utilizes an optical technique. Such forms of noise
also appear to be a peak cluster. If the conventional
wavelet ridge line detection method is applied to such a
signal, all of these peaks which are actually noise com-
ponents will be detected as peaks.

[0056] By contrast, in the peak detection system of the
present embodiment, the peak type determiner 5 deter-
mines whether or not a peak on an inputted signal wave-
form is a waveform which has resulted from a low-pass
filtering process performed on a noise component, as
well as whether or not it is a noise component shaped
like a peak cluster, such as a pump noise.

[0057] In the case of a peak-like waveform resulting
from a low-pass filtering process performed on white
noise, as well as a pump noise, light-source noise or other
peak-like waveforms (i.e. false peak waveforms), a fea-
ture quantity of the peak (which will be described later)
tends to fall within a certain range. Accordingly, the fea-
ture-quantity distribution of the peaks is previously de-
termined on the basis of a signal waveform which is ex-
pected to be actually processed. Based on an appropri-
ate threshold set from this distribution, the feature quan-
tity calculated from the signal waveform being processed
is examined so as to determine whether a certain range
of time within the given signal waveform is a noise section
or a peak-cluster section.

[0058] Thefollowing quantities are available as the fea-
ture quantity of the peaks. Any of these feature quantities
is most likely to fall within a predetermined range in the
case of a false peak cluster which results from the afore-
mentioned kinds of noise, while departing from that range
in the case of true peaks which have not originated from
any noise.

(1) Probability of Overlapping of One Peak with an-
other Peak

In the present embodiment, empirically, a section in
which this probability is 15 % or lower is set as a
peak-cluster section, while a section in which this
probability is 50 % or higher is set as a noise section.
(2) Peak Density (Number of Peaks/Number of Data
Points, or Accumulated Value of Peak
Width/Number of Data Points)
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In the present embodiment, empirically, a section is
set as a possible noise section if 80 % or more of
the section is occupied by peaks.

(3) Histogram of Even Function Correlation Coeffi-
cient Showing Degree of Matching in Shape between
Peak and Model Peak

In the present embodiment, empirically, a section is
set as a possible noise section if the area of the bins
having an even function correlation coefficient of ap-
proximately 0.7 or higher in the histogram is lower
than 20 % of the entire area.

(4) Histogram of Peak Height Normalized by High-
Frequency Noise Components

In the present embodiment, empirically, a section is
setas apossible noise sectionifthe ratio ofthe height
of a low peak which is at a distance of 2c or larger
from the noise-component distribution and the height
of a high peak which is also at a distance of 2c or
larger from the noise-component distribution is 1:3
or greater.

(5) Density of Inflection Points

In the present embodiment, empirically, if 15 to 70
% of the data points within a section corresponding
to one wavelength of the high-frequency noise are
inflection points, it is considered that the section is
most likely to be a noise section.

[0059] Needlessto say, the aforementioned numerical
values used for the noise determination and other pur-
poses are mere examples and may be appropriately
changed.

[0060] Specifically, the peak type determiner 5 divides
the inputted chromatogram waveform into appropriate
segments of time in time-series order. For each time seg-
ment, it examines at least one of the aforementioned fea-
ture quantities of the peak cluster included in the time
segment and determines whether or not the feature
quantity falls within the preset threshold range, so as to
thereby determine whether the section in question is a
noise section in which the previously described kind of
characteristic noise is present, or a peak-cluster section
in which a number of peaks are present, or a section
different from any of them (e.g. a section having a no-
ticeably isolated peak with only a small amount of noise).
In this manner, each peak candidate extracted from the
chromatogram waveform is classified into a peak in a
noise, a peak in a peak cluster, or other normal peaks
(Step S7).

[0061] After the peak candidates are classified, the
false peak remover 6 determines, for each peak candi-
date, whether it is a false peak or true peak, and removes
the false peak (Step S8). Specifically, for each of the
three kinds of sections (i.e. noise section, peak-cluster
section, and section different from any of them), the fol-
lowing feature quantities are calculated from the peak
candidates and noise components included in the sec-
tion, and the false peak is identified based on the thresh-
olds respectively determined for these feature quantities:
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(A) A peak-height histogram

(B) A peak-width histogram

(C) A high-frequency noise level

(D) A histogram of the peaks which have been iden-
tified as false peaks due to an even function corre-
lation coefficient (the index showing the degree of
matching in the waveform shape between a peak
and a model peak) and the feature quantities (A)-(D)

[0062] The thresholds for examining the feature quan-
tities can be determined as follows: For the histogram as
used in (A), (B) or (D), a range over which the peak is
presumably distributed can be determined from the his-
togram shape, and the threshold can be determined so
that any peak departing from this range is regarded as a
false peak. For the noise level in (C), a level which equals
the noise level multiplied by a predetermined number can
be used as the threshold, as in the case of a normal false-
peak detection based on the SN ratio. For example, in
ideal situations, the height of the false peak noise follows
a chi-squared (y2) distribution. Therefore, an appropriate
threshold can be determined by estimating the width of
the distribution from the lower-noise end. In this manner,
the thresholds for the false-peak identification are set for
each of the three kinds of sections. According to those
thresholds, whether or not each peak candidate is afalse
peak is determined.

[0063] It should be noted that histograms (A) and (B)
should preferably be histograms of the true peaks. The
removal of the false peaks increases the probability that
the remaining peaks are true peaks, which in turn causes
a change of the histogram itself. Simultaneously, histo-
gram (D) also similarly changes. In other words, by using
aresultin which some of the peak candidates have been
identified as false peaks, it is possible to refine the peak-
width and peak-height histograms for each of the false
and true peaks, i.e. to create more accurate histograms.
[0064] Accordingly, it is preferable to once more per-
form a similar false-peak identification process using the
aforementioned histogram information obtained for each
of the false and true peaks as additional information,
whereby a more accurate false peak identification can
be achieved. Specifically, instead of a single false-peak
identification process which removes all false peaks, a
rough false-peak identification process is initially per-
formed to remove candidates which are most likely to be
false peaks. Subsequently, by using the obtained result,
the level of accuracy of the same false-peak identification
process is enhanced so as to locate peak candidates for
which it is difficult to determine whether they are false or
true peaks. In this manner, the false peaks can be cor-
rectly removed while avoiding the wrong removal of a
true peak.

[0065] After the false peaks are removed, the informa-
tion on the remaining peak candidates which are consid-
ered to be the true peaks is outputted along with the peak
position, peak width and other related information (Step
S9).
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[0066] As described thus far, the peak detection sys-
tem of the present embodiment can detect peaks more
correctly than conventional systems, using the wavelet
ridge line detection.

[0067] Itshouldbe notedthatthe previous embodiment
is a mere example of the present invention, and any
change, maodification or addition appropriately made
within the spirit of the present invention will naturally fall
within the scope of claims of the present application.

REFERENCE SIGNS LIST
[0068]

.. Wavelet Transform Processor

.. Peak Candidate Extractor

.. Peak Position and Width Corrector
.. False Negative Peak Remover

.. Peak Type Determiner

.. False Peak Remover

ook wh =

Claims

1. A peak detection method for detecting a peak on a
signal waveform, comprising:

a) a peak candidate extraction step, in which a
continuous wavelet transform is performed on
the signal waveform to determine a two-dimen-
sional wavelet coefficient, and candidates of
positive and negative peaks appearing on the
signal waveform are extracted based on a ridge
line which appears in awavelet coefficientimage
visualized within a three-dimensional space with
a strength of the wavelet coefficient as a third
dimension;

b) a false negative peak removal step, in which
a false negative peak is identified and removed
from the negative peak candidates extracted in
the peak candidate extraction step, based on at
least either ajudgment on a degree of inclination
of the negative peak with reference to a baseline
estimated from the negative peak candidates,
or a judgment on whether or not positive peak
candidates are present on both sides of the neg-
ative peak concerned.

2. A peak detection method for detecting a peak on a
signal waveform, comprising:

a) a peak candidate extraction step, in which a
continuous wavelet transform is performed on
the signal waveform to determine a two-dimen-
sional wavelet coefficient, and candidates of
positive and negative peaks appearing on the
signal waveform are extracted based on a ridge
line which appears in awavelet coefficientimage
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visualized within a three-dimensional space with
a strength of the wavelet coefficient as a third
dimension;

b) a false peak removal step, in which, for a peak
candidate extracted in the peak candidate ex-
traction step, a coefficient of correlation between
a waveform obtained by creating an even func-
tion simulating the signal waveform at a peak
top of the peak candidate and a previously de-
fined model waveformis calculated, afalse peak
is identified based on the coefficient of correla-
tion, and the false peakis removed from the peak
candidates.

3. The peak detection method according to claim 1 or
2, wherein:

a normalized single-peak convex function is
used as amotherwavelet used in the continuous
wavelet transform in the peak candidate extrac-
tion step.

4. The peak detection method according to one of
claims 1-3, further comprising:

an SN-ratio-based false peak removal step, in
which the signal waveform is divided into a plu-
rality of sections based on a predetermined fea-
ture quantity of the signal waveform, and a false
peak is identified and removed based on the SN
ratio of the signal calculated for each of the sec-
tions.

5. The peak detection method according to one of
claims 1-3, further comprising:

a peak-width-based false peak removal step, in
which a peak-width distribution of the peak can-
didates is determined, and a peak having a peak
width deviating from that distribution is identified
as a false peak.

6. The peak detection method according to one of
claims 1-5, further comprising:

a peak position correction step, in which an es-
timated position of the peak candidate deter-
mined in the peak candidate extraction step is
corrected based on signal values on both sides
of the estimated position on the signal wave-
form.

7. The peak detection method according to one of
claims 1-5, further comprising:

a peak position correction step, in which an es-
timated position of a peak candidate determined
in the peak candidate extraction step is correct-
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ed based on second derivative values of signal
values on both sides of the estimated position
on the signal waveform.

8. The peakdetection method according to claim6or 7,
the peak detection method according to claim 9, fur-
ther comprising:

a peak width correction step, in which an esti-
mated peak width of a peak candidate deter-
mined in the peak candidate extraction step is
corrected based on a magnitude of the wavelet
coefficient at the position corrected in the peak
position correction step.

9. The peak detection method according to one of
claims 1-8, wherein:

the method further comprises a peak type de-
termination step, in which, for one peak candi-
date of interest among the peak candidates lo-
cated in the peak candidate extraction step,
whether the peak candidate of interest is a peak
in a noise waveform finished with a low-pass
filtering process or a peak in a peak-cluster
waveform including a plurality of true peaks is
determined based on a feature-quantity distri-
bution of a plurality of peak candidates located
within a predetermined range centering on the
peak candidate of interest; and

a threshold for identifying a false peak is
changed based on a determination result ob-
tained in the peak type determination step.

10. The peak detection method according to one of
claims 1-8, wherein:

the method further comprises a peak type de-
termination step, in which, for each peak candi-
date, whether the peak candidate is a peakin a
noise waveform finished with a low-pass filtering
process or a peak in a peak-cluster waveform
including a plurality of true peaks is determined
based on a feature-quantity distribution of all the
peak candidates located by the peak candidate
extraction step; and

a threshold for identifying a false peak is
changed based on a determination result ob-
tained in the peak type determination step.

11. The peak detection method according to claim 9 or
10, wherein:

an extent of overlapping of one peak with anoth-
er peak is used as the feature quantity to deter-
mine the feature-quantity distribution of the plu-
rality of peak candidates or all the peak candi-
dates in the peak type determination step.
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12. The peak detection method according to claim 9 or
10, wherein:

the method further comprises an SN-ratio-
based false peak removal step, in which the sig- 5
nal waveform is divided into a plurality of sec-
tions based on a predetermined feature quantity

of the signal waveform, and a false peak is iden-
tified and removed based on the SN ratio of the
signal calculated for each of the sections; and 10
a proportion of the peaks removed based on the
SNratio inthe SN-ratio-based false peak remov-

al step is used as the feature quantity to deter-
mine the feature-quantity distribution of the plu-
rality of peak candidates or all the peak candi- 15
dates in the peak type determination step.
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